Identification of the Intermediate Charge-Separated State P+βL− in a Leucine M214 to Histidine Mutant of the Rhodobacter sphaeroides Reaction Center Using Femtosecond Midinfrared Spectroscopy  by Pawlowicz, Natalia P. et al.
4956 Biophysical Journal Volume 96 June 2009 4956–4965Identiﬁcation of the Intermediate Charge-Separated State PþbL
 in
a Leucine M214 to Histidine Mutant of the Rhodobacter sphaeroides
Reaction Center Using Femtosecond Midinfrared Spectroscopy
Natalia P. Pawlowicz,†* Ivo H. M. van Stokkum,† Jacques Breton,‡ Rienk van Grondelle,† and Michael R. Jones{
†Faculty of Sciences, Department of Physics and Astronomy, Vrije Universiteit Amsterdam, Amsterdam, The Netherlands; ‡Service de
Bioe´nerge´tique, Gif-sur-Yvette, France; and {Department of Biochemistry, School of Medical Sciences, University of Bristol, Bristol, United
Kingdom
ABSTRACT Energy and electron transfer in a Leu M214 to His (LM214H) mutant of the Rhodobacter sphaeroides reaction
center (RC) were investigated by applying time-resolved visible pump/midinfrared probe spectroscopy at room temperature.
This mutant replacement of the Leu at position M214 resulted in the incorporation of a bacteriochlorophyll (BChl) in place of
the native bacteriopheophytin in the L-branch of cofactors (denoted bL). Puriﬁed LM214H RCs were excited at 600 nm (unselec-
tive excitation), at 800 nm (direct excitation of the monomeric BChl cofactors BL and BM), and at 860 nm (direct excitation of the
primary donor (P) BChl pair (PL/PM)). Absorption changes associated with carbonyl (C¼O) stretch vibrational modes (9-keto,
10a-ester, and 2a-acetyl) of the cofactors and of the protein were recorded in the region between 1600 cm1 and 1770 cm1,
and the data were subjected to both a sequential analysis and a simultaneous target analysis. After photoexcitation of the
LM214H RC, P* decayed on a timescale of ~6.3 ps to PþBL
. The decay of PþBL
 occurred with a lifetime of ~2 ps, ~3 times
slower than that observed in wild-type and R-26 RCs (~0.7 ps). Further electron transfer to the bL BChl resulted in formation
of the PþbL
 state, and its infrared absorbance difference spectrum is reported for the ﬁrst time, to our knowledge. The fs mid-
infrared spectra of PþBL
 and PþbL
 showed clear differences related to the different environments of the two BChls in the
mutant RC.INTRODUCTION
The photosynthetic reaction center (RC) of Rhodobacter
(Rb.) sphaeroides is the paradigm for understanding photo-
synthetic charge separation. Important aspects include the
role of the special pair of bacteriochlorophylls (BChl) that
act as the primary electron donor (P), the origin of the func-
tional asymmetry that produces the so-called ‘‘active’’
branch of cofactors, the mechanism of charge separation
between P and the adjacent BChl in the active branch (BL),
and the role of the protein medium in facilitating rapid and
efficient charge separation. In previous work we have studied
the midinfrared (mid-IR) spectral responses of both wild-
type (WT) and mutant RCs (1–3) to learn more about the
specific environment of each of the chromophores and how
the environment changes upon excitation and charge separa-
tion. This work describes the IR-signature of the state
PþBL
, the charge redistribution within the special pair
BChls during charge separation and stabilization, and protein
responses to charge separation.
A major issue in the study of the IR-signatures of the states
formed during ultrafast charge separation is the assignment of
the differential signals to particular cofactors/groups or
protein elements. One approach to this issue is alteration of
the protein matrix through site-directed mutagenesis,
including mutations that alter the cofactor composition of
the RC. As an example, replacement of the Leu at position
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of a BChl molecule (denoted as bL) in place of the L-branch
bacteriopheophytin (BPhe) in the WT RC (4). The x-ray
crystal structure of the Rb. sphaeroides RC shows that a His
residue is located adjacent to the Mg2þ of each of the four
BChls, and it provides the fifth (axial) ligand to the Mg2þ
ion (5). In contrast, the RC BPhes lack a central Mg2þ ion
and do not have a metal-coordinating ligand from the protein
close to the center of the macrocycle. In the case of the
L-branch BPhe (denoted HL), a conserved Leu (residue
214) is located over the center of the BPhe macrocycle (6),
and replacement of this Leu by His (denoted LM214H) leads
to the incorporation of a BChl (bL) in place of the HL BPhe
during assembly of the RC (4). X-ray crystal structures
of the LM214H mutant have shown that, with the exception
of the Leu to His substitution and with the introduction of
a Mg2þ at the center of the adjacent bacteriochlorin macro-
cycle, the structure of the RC is unaffected by the substitution
of the HL BPhe by the bL BChl (7,8).
An extensive investigation of the dynamics of charge
separation in LM214H RCs has been reported (4,9–11).
The kinetics of electron transfer are significantly perturbed
compared to those of WT RCs, although the pigment
exchange does not lead to electron transfer to the symmet-
rical HM BPhe or a completely blocked photoreaction, as
evidenced by an appreciable yield of PþQA
– formation
(~60%) (4,9–11). An intermediate PþI state was formed
with an ~100% yield in ~6 ps (4,9–11), which is a factor
of ~2 longer than the lifetime of primary donor-excited state
doi: 10.1016/j.bpj.2009.03.031
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observed spectral evolution during charge separation in the
LM214H RC, it was concluded that the state ‘‘I’’ included
the new bL pigment and that P
þI was a quantum mechan-
ical mixture of the states PþBL
 and PþbL
– (4,9). In addition
to describing charge separation in the LM214H RC, this
model also confirmed that the energy gap between P* and
PþBL
– is very small in the WT RC (9,11). In a visible-region
transient absorption study, spectral features different from
those attributable to HL reduction in WT RCs, and consistent
with BChl reduction, were observed between 720–840 nm
on a timescale of 20 ps (4). From these it was concluded
that the P* state decays by electron transfer to bL to form
PþbL
–, with the same quantum yield as that for PþHL
 in
WT RCs (4,10). The lifetime of the PþbL
– state was found
to be ~350 ps. The reduction of QA in ~600 ps (60% yield)
was a factor of ~3 slower than the reduction in the WT RCs,
whereas competing deactivation of PþbL
– to the ground state
in ~900 ps (40% yield) was a factor of>10 faster than that of
recombination of PþHL
 in WT RCs (15–17). As a confirma-
tion of this, the decay of PþbL
– had a time constant of ~850
ps in LM214H RCs, with blocked electron transfer to QA (4).
The free energy of PþbL
– with respect to P* was deter-
mined from delayed fluorescence from P* at room tempera-
ture, and this energy was found to have a value of ~75 meV
(4). The rate of electron transfer from P* to bL (or HL)
depends weakly on this free-energy gap, and it changes by
a factor of only 2, despite a significant change in DG from
160 meV in WT RCs (15,17) to 75 meV in LM214H RCs
(4). An additional factor may be the very small pigment-
protein reorganization energy (l) on the timescale of the
initial reaction. The activationless nature of the primary
charge separation process in LM214H RCs follows from
the P* lifetime of 2.5 ps at 5 K (4). It could not be decided
whether the proposed mixing of the PþBL
– and PþbL
– states
(4,10) is quantum mechanical or a thermal equilibrium,
because experiments on LM214H RCs at 5 K and 295 K
yielded the same time constant for PþbL
– charge recombina-
tion of ~1 ns. The large increase in the charge recombination
rate (>10-fold) is compatible with a much smaller change in
the rate of initial electron transfer from P*, because of the
different sensitivity of these processes to DG. In addition,
slow structural reorganizations after formation of PþbL
–, as
have been proposed to occur in the case of PþHL
– state in
WT RCs (15–19), could uncouple the electronic factors for
the two processes.
The purpose of this report was to examine charge separa-
tion in the LM214H mutant of the Rb. sphaeroides RC using
ultrafast visible-pump mid-IR-probe spectroscopy, to iden-
tify characteristic absorption features of all the states
involved in the primary events in the LM214H RC, including
the ‘‘new’’ state PþbL
–. The kinetic model used to fit the
experimental data was in good agreement with earlier reac-
tion models proposed on the basis of visible region pump-
probe and fluorescence data (4,9,11). Signals that reflectresponses of the chromophores and protein to charge separa-
tion were identified, and possible attributions are proposed.
The main results described in this report are: 1) identification
of the mid-IR region signature of HL/HL
 and bL/bL
 by
comparing the difference spectra associated with electron
transfer to HL in R-26 RCs and to bL in LM214H RCs; 2)
observation of the influence of the different environments
of the bL and BL BChls by comparing the P
þbL
– and
PþBL
– spectra; 3) further confirmation of the mid-IR differ-
ence spectrum of PBL/P
þBL
– reported recently (1); and 4)
development of further insights into the protein response to
charge separation and charge delocalization within Pþ.
MATERIALS AND METHODS
All experiments were performed with a femtosecond visible pump/mid-IR
probe laser setup that has been described in previous publications (20,21).
Instrument setup and experimental procedures were exactly as those
described in detail in two recent reports on visible pump/mid-IR probe spec-
troscopy of R-26 and mutant RCs (1–3). The LM214H RC was constructed
as described by Watson and co-workers (22), and the purification of RCs for
spectroscopy was carried out as reported previously (23). For each excitation
wavelength experiments were repeated twice using fresh samples, with
spectra recorded at 80 different time points. In a single experiment, a spectral
probe window of ~175 cm1 (between 1598 and 1773 cm1) was covered.
All data were subjected to a global analysis, followed by a target analysis
(24,25).
RESULTS
Data acquisition and global analysis
Charge separation in the LM214H RC was investigated
using 600 nm, 805 nm and 860 nm excitation, with data
collected in the region 1773–1598 cm1. Two sets of data
were recorded employing nonselective excitation of the BL
and BM BChls at 805 nm. The data obtained were similar
in the two experiments, and there was good correspondence
between the line shapes of the evolution associated differ-
ence spectra (EADS) and associated lifetimes obtained by
global analysis of each data set. The data were compared
to data collected previously for the R-26 RC and described
in detail in a recent report (1).
Fig. 1 shows two selected time traces at 1684 cm1 (open
squares) and 1715 cm1 (solid squares) for the LM214H RC
and at 1680 cm1 (open squares) and 1717 cm1 (solid
squares) for the R-26 RC. The presented time traces were
taken from experiments involving 600 nm excitation and
detection over a ~175 cm1 window with a spectral resolu-
tion of 6 cm1. The fit through the data was the result of
a global analysis of the whole data set, using a sequential
model with increasing lifetimes. The global analysis of the
LM214H data yielded five kinetic components with lifetimes
of 400 fs, 2 ps, 6.2 ps, 302 ps and 5.2 ns (see Table 1). For
R-26 RCs four kinetic components were resolved with life-
times of 100 fs, 4.4 ps, 222 ps and a nondecaying component
(1). As can be seen from Fig. 1, the time traces measured for
the LM214H and R-26 RCs were clearly different from eachBiophysical Journal 96(12) 4956–4965
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fer in the two RCs. The negative signal before time zero,
visible in the traces presented in Fig. 1, originated from per-
turbed free induction decay (26,27) and was not included in
the fit.
Global analysis yielded five (upon excitation at 600 nm
and 860 nm) or four (upon excitation at 805 nm) EADS
with the associated lifetimes listed in Table 1. An example
set of EADS for the LM214H RC excited at 805 nm is shown
in Fig. 2. These EADS reflect the spectral evolution of the
system in time, but, as discussed in detail elsewhere (24,25),
they do not necessarily represent ‘‘pure’’ states. As the reso-
lution of ultrafast energy transfer is hampered in fs mid-IR
spectroscopy by a component that follows the instrument
response function arising from a coherent interaction of the
laser pulses with the sample, the component with a lifetime
of a few hundreds of femtoseconds (Table 1) was not shown
in any of the EADS or species associated difference spectra
(SADS) presented below. Because no reference probe pulse
was used, the noise in the measured spectra (not shown) con-
sisted mainly of so-called baseline noise, i.e., a flat, structure-
less offset in the spectra, which was easily recognized by
FIGURE 1 Two representative time traces for LM214H RCs (squares)
excited at 600 nm and probed at 1684 cm-1 or 1715 cm1. For comparison,
two time traces for R-26 RCs (circles) excited at 600 nm and probed at
~1680 cm1 or ~1717 cm1 are shown. The solid lines through the data
points are the result of a global fit using a sequential model. The time axis
is linear up to 3 ps and logarithmic thereafter. The instrument response
function was 150 fs.
TABLE 1 Summary of the lifetimes resulting from global
analysis of the data obtained in four individual experiments on
LM214H RCs
Excitation
wavelength (nm)
IR region /6 cm1
resolution
Lifetimes resulting
from global analysis
600 1773–1598 400 fs, 2 ps, 6.2 ps, 302 ps, 5.2 ns
805 1768–1600 3 ps, 7 ps, 379 ps, 11 ns
805 1768–1600 2.6 ps, 6.6 ps, 329 ps, 12.7 ns
860 1773–1598 700 fs, 1.6 ps, 6.8 ps, 385 ps, 7.5 nsBiophysical Journal 96(12) 4956–4965a singular vector decomposition of the residual matrix. For
the time traces in Fig. 1 (and the target analysis described
below), the outer product of the first two singular vector pairs
of the residual matrix (structureless in the time domain) was
subtracted from the data, leading to reduction in the noise by
a factor of 2.
Nonselective excitation of BChls BL and BM
at 805 nm
Global analysis of each of the two data sets collected in exper-
iments with 805 nm excitation yielded four components with
increasing lifetimes of 3 ps, 7 ps, 379 ps, 11 ns in the first exper-
iment and 2.6 ps, 6.6 ps, 329 ps, 12.7 ns in the second experi-
ment (Table 1). The EADS derived from the first data set are
shown in Fig. 2. An expected ultrafast component of a few
hundred femtoseconds representing a mixture of energy trans-
fer from BM* and BL* to P was not resolved in this analysis. As
with the EADS resulting from 600 nm and 860 nm excitation
(see Selective excitation of the P BChls at 860 nm and nonse-
lective excitation at 600 nm), the 3 ps (or 2.6 ps) component
represented mainly decay of P*, and the next 7 ps (or 6.6 ps)
component represented a mixture of P* and PþBL
. The 379
ps (or 329 ps) component showed features indicative of the
PþBL
 and PþbL
 radical pairs. This spectrum decayed into
that of the long-lived charge-separated state PþQA
, the life-
time of which was assumed to be infinite because of the limited
time range (11 and 12.7 ns) of the fs mid-IR experiment. The
line shapes of the EADS shown in Fig. 2 were similar to those
obtained in the experiments with 600 nm and 860 nm excitation
(data not shown). In addition, the line shapes of the EADS cor-
responding to (primarily) the P* and PþQA
 states were very
similar to those described in a previous report on R-26 RCs (1).
FIGURE 2 EADS for LM214H RCs excited at 805 nm resulting from
global analysis using a sequential model with increasing lifetimes. The
measurements were performed over a 1768–1600 cm1 window with a
spectral resolution of 6 cm1.
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ground-state vibrational modes and positive bands to shifted
vibrational modes in excited or charge-separated states. The
first EADS that decays in 3 ps represents the excited state of
P, plus some amount of charge-separated state (Fig. 2,
black). As discussed in previous reports (1,2), the spectrum
is dominated by a positive band at 1668 cm1 and a negative
band at 1687 cm1 assigned to the 9-keto C¼O modes of
both PL and PM in the excited and ground states, respec-
tively. The 7 ps spectrum (Fig. 2, red) represents a mixture
of P* and the PþBL
 state, and it therefore displays the
differential feature attributed to the P/P* transition at
1668(þ)/1685() cm1, plus positive bands at 1714 cm1
and 1702 cm1 attributed to the 9-keto modes of PL
þ and
PM
þ, respectively. Further evidence for contribution of the
radical pair state was the differential feature at 1740()/
1749(þ) cm1, which has been attributed to the 10a-ester
C¼O of PLPM/PLþPMþ (28–31).
The 379 ps EADS (Fig. 2, green) represents a mixture of
PþBL
 and PþbL
 radical pairs. The spectrum was domi-
nated by bands attributable to the P/Pþ transition, principally
modes at 1685()/1714(þ) and 1702(þ) due to the keto
C¼O groups, 1738()/1749(þ) due to the 10a-ester C¼O
groups, and bands in the 1620–1650 cm1 region due to
the acetyl C¼O groups. Modes attributable to the BL/BL
and bL/bL
 transitions are considered in the Discussion.
The long-lived spectrum (Fig. 2, blue) represents the
PþQA
 state. In addition to modes attributable to P/Pþ
(summarized in Table 2 of Pawlowicz et al. (1,2)) the spec-
trum contained a number of features attributable to the
QA/QA
 transition, including signals at 1631()/1611(þ)
cm1 and 1604() cm1. As discussed in detail in our
previous reports (1,2), the signals at 1668()/1658(þ)
cm1 and 1650()/1642(þ) cm1 have been assigned to
protein responses to charge separation.
Selective excitation of the P BChls at 860 nm and
nonselective excitation at 600 nm
LM214H RCs were also excited at either 860 nm or 600 nm
and probed in the region 1773–1598 cm1. The data
collected after 860 nm excitation of the P BChls were
analyzed using the global analysis algorithm, which resolved
five components with increasing lifetimes of 700 fs, 1.6 ps
(P*), 6.8 ps (P* and PþBL
), 385 ps (PþBL
 and PþbL
)
and a long-lived component (PþQA
) (see Table 1). In the
case of 860 nm excitation a large Stokes shift is expected fol-
lowed by decay of P* to the PþBL
 radical pair. The further
dynamics of the system were expected to remain the same as
that in experiments in which 600 nm and 805 nm excitation
was used. In agreement with this the line shapes of the EADS
(data not shown) were similar to those obtained for the
equivalent states in the experiments with 600 nm and 805
nm excitation.
Excitation of LM214H RCs at 600 nm led to nonselective
excitation of all four BChls. Global analysis of the datayielded five kinetic components with lifetimes of 400 fs,
2 ps (P*), 6.2 ps (P* and PþBL
), 302 ps (PþBL
 and PþbL
),
and 5.2 ns (PþQA
) (Table 1). The fastest component that
followed the instrument response function described the
processes of energy equilibration among all four BChls and
formation of P*.
Target analysis of the four data sets using
a single model
The global analysis using a sequential model with increasing
lifetimes described in the three preceding paragraphs gave
very good fits to the data, but to further disentangle the contri-
butions of various states to the observed spectral evolution,
a simultaneous target analysis of all data sets was performed.
This analysis included back reactions and a PþBL
 interme-
diate. On the basis of the sequential analysis presented above
and results from the literature obtained in visible region pump/
probe experiments (see Introduction), rate constants for the
forward and backward reactions were estimated and the full
kinetic scheme depicted in Fig. 3 was obtained. According
to this scheme, decay of the P* state proceeds sequentially
through the states PþBL
, PþbL
, and PþQA
. This kinetic
scheme yielded lifetimes (Fig. 3, right) that agree well with
those obtained in published studies employing visible-region
pump-probe spectroscopy (4,9–11,32).
The kinetic model shown in Fig. 3 was applied simulta-
neously to all of the data sets described in the previous para-
graphs, resulting in lifetimes of 100 fs (Qx* or BL*/BM*),
6.2 ps (mainly P*), 2 ps (mainly PþBL
), 397 ps (mainly
PþbL
), as well as a nondecaying component (PþQA
). The
initial excited states Qx* and BL*/BM*, observed upon excita-
tion at 600 nm and 805 nm, respectively, are formed during the
laser pulse. Energy transfer from BL*/BM* to P, that is ex-
pected to take place in ~100 fs after direct excitation of the
accessory BChls, was poorly resolved in our experiments.
P* decayed with a rate of ~(6.7 ps)1 by charge separation
to form PþBL
, and this in turn equilibrated with PþbL
 in
~2 ps. PþBL
 recombined to the ground state with a rate of
~(417 ps)1 (yield of ~41%), whereas PþbL
 formed PþQA

with a rate of ~(293 ps)1 (yield of ~59%). PþQA
 was repre-
sented by a nondecaying component, because this state
decayed on a timescale of ms that is assumed to be infinite,
taking into account the time range of our experiment.
SADS arising from the target analysis
A representative set of SADS resulting from the target anal-
ysis is shown in Fig. 4 (the SADS corresponding to the ultra-
fast ~100 fs component are not shown). These particular
SADS were derived from the data obtained with LM214H
RCs that had been excited at 805 nm, and very similar
SADS were obtained using the remaining data sets.
For the P*, PþBL
, and PþQA
 states the line shape of the
SADS obtained was similar to that obtained in recent studies
on the R-26 RC (1) and a YM210W mutant with slowedBiophysical Journal 96(12) 4956–4965
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transfer in LM214H RCs. Solid line arrows (plus associ-
ated time constants) refer to forward processes, dotted
line arrows to back reactions; ~40% of the PþBL
 state
recombined to the ground state with a time constant of
~417 ps, whereas the remaining ~60% formed the PþQA

state with a time constant of ~293 ps. Calculated lifetimes
for the various excited or radical pair states are shown on
the right.charge separation (2). The attribution of bands is discussed in
detail in those reports, and is summarized in Table 2 of Paw-
lowicz et al. (1,2), and only a brief account is given in the
remainder of this section. The SADS of the PþbL
 state,
which is unique to the LM214H RC, is discussed in more
depth.
The red spectrum in Fig. 4, which is attributed to P*, is
dominated by a negative band at 1687 cm1 that is ascribed
to the 9-keto modes of PL and PM in the ground state, and this
downshifts to 1668 cm1 in the excited state, giving rise to
a positive band. The green spectrum in Fig. 4 is that of
the first intermediate in charge separation, PþBL
, and the
SADS of this state were generally well reproduced in the
simultaneous target analysis of the four data sets. This spec-
trum contains the ground-state bleaching of the keto C¼O
groups of PL/PM around 1689 cm
1, plus an additional
(main) bleaching in the 1670–1680 cm1 region that can
be ascribed to the keto C¼O of BL. A comparison of the
SADS of the PþBL
 state in R-26 and LM214H RCs is
described in more detail in the Discussion. The cyan spec-
trum in Fig. 4 is that of PþQA
. In addition to modes attribut-
able to the P/Pþ transition, this spectrum also contains
features that arise from the reduction of QA. The strong
band shift signal at 1671()/1658(þ) cm1 may be ascribed
to a protein amide I transition in response to QA reduction,
and it corresponds to a feature at 1666()/1656(þ) cm1
in SADS of R-26 RCs (1,33), and at 1668()/1657(þ)
cm1 in SADS of YM210W RCs (2). A second band shift
observed at 1650()/1641(þ) cm1 was attributed to
a protein backbone C¼O H-bonded to QA (28,31,34), and
the signals at 1631()/1611(þ) cm1 and 1604() cm1
have been assigned to QA/QA
 modes (29,31,33,35). TheBiophysical Journal 96(12) 4956–4965small feature at 1728(þ)/1725() cm1 was attributed to
a transition of the 10a-ester C¼O of the HL cofactor in the
electric field of QA
 (29,31,36). Because the HL BPhe is
replaced by a BChl in the LM214H RC, it seems possible
that the 10a-ester C¼O of this BChl would respond in
a similar way and, if this is the case, then this would under-
line the conservative nature of the BPhe/BChl substitution
indicated by x-ray crystallography (7,8). In Fourier trans-
form infrared spectroscopy experiments (29,31,36) another
negative band at 1735 cm1 was observed in the 10a-ester
C¼O region. In the fs mid-IR spectrum this band was
observed at 1737 cm1 (Fig. 4, cyan), probably due to an
overlap with 10a-ester modes of P, and upshifts to 1749
cm1 due to P oxidation. The 9-keto mode of P was observed
at 1685(), PMþ at 1705(þ) cm1, whereas the mode of PLþ
at 1715(þ) cm1 was reduced in this spectrum.
SADS of the PþbL
 radical pair
The blue spectrum in Fig. 4 represents the product of the
second step of charge separation, PþbL
. This spectrum,
unique to the LM214H RC, shows a number of positive
and negative features that can be attributed to the P/Pþ tran-
sition. The shift of the 9-keto C¼O groups of PL/PM mani-
fests by a negative band at 1685 cm1 (for PL and PM) and
positive bands at 1704 cm1 (for PM
þ) and 1715 cm1
(for PL
þ). The region between 1730 and 1755 cm1 is
expected to contain signals arising from the 10-ester C¼O
groups of PL/PM and bL, modes of the former shifting up
in frequency on formation of PL
þ/PM
þ and of the latter shift-
ing down in frequency on formation of bL
. For the equiva-
lent PþHL
 state in R-26 RCs, the assignment of features in
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conformational states of the 10-ester C¼O of HL, one free
from interactions and the other hydrogen bonded to Trp
L100 (8,37). Given the degree of structural conservation
shown by the LM214H mutant, it is to be expected that the
10-ester C¼O of the new bL cofactor will also occupy two
equivalent conformational states, complicating the line shape
of the SADS of the PþbL
 state. In addition, we have shown
previously that the line shape of this region of the spectrum is
influenced by the resolution of experimental data collected
over a narrower window, with 3 cm1 resolution rather than
the 6 cm1 resolution routinely used, producing a more com-
plex line shape (1). As a result, it is not possible to make a
detailed assignment of the bands in the region between
1730 and 1755 cm1 in the SADS of the PþbL
 state, other
than the general comment that they constitute overlapping
contributions arising from the 10-ester C¼O groups of PL/
PM and bL. At frequencies below 1680 cm
1 the SADS of
PþbL
 showed marked differences from those of PþBL
 or
PþQA
, and these are considered in detail in the next section.
In summary, the SADS obtained for the various states
formed during charge separation contained features that
correlated well with previous data from fs mid-IR experi-
ments, and most spectral features could be assigned with
FIGURE 4 SADS derived from data obtained with LM214H RCs that had
been excited at 805 nm. The SADS were estimated from a simultaneous
target analysis of all data sets using the kinetic scheme outlined in Fig. 3.reasonable confidence. The majority of features arose from
frequency shifts associated with oxidation of P or reduction
of BL, bL, or QA, with some additional components arising
from the response of the protein.
DISCUSSION
Below the key points resulting from the analysis of the
experimental data are discussed. The SADS derived from
the target analysis are compared to those recently obtained
for R-26 RCs (1). Features specific for bL in its ground
and anion state observed in fs time-resolved mid-IR spectra
are assigned, as are changes in protein conformation due to
the electron transfer. Finally, the issue of charge delocaliza-
tion within the primary electron donor is revisited.
Comparison of LM214H SADS with previous data
SADS of the primary electron donor P* and the long-lived
radical pair PþQA

To look at the issue of reproducibility, the SADS for the
various states resulting from individual experiments on the
LM214H RCs were compared with equivalent spectra
obtained in previous work on the R-26 RC (1). Fig. 5 A shows
a comparison of the SADS corresponding to P* for LM214H
(solid line) and R-26 RCs (dashed line), both excited at
860 nm. The spectra are very similar with the main positive
band centered at 1668 cm1, and main negative bands at
1687 and 1650 cm1. The SADS corresponding to P* derived
from the data sets measured after 600 nm (not shown) and
805 nm (Fig. 4, red) excitation for the LM214H mutant also
had similar line shapes, and we conclude that the spectral
signature of this state is very reproducible, apart from the pres-
ence of some variation in the underlying baseline.
SADS for the PþQA
 state derived from data on LM214H
RCs (solid line) and R-26 RCs (dashed line), both excited at
860 nm, are shown in Fig. 5 B. Again the spectra show
a good correspondence, with the positions of the multiple
positive and negative bands preserved within a few wave-
numbers. One point of note is that the amplitude of the
9-keto PL
þ band at 1715 cm1 was somewhat diminished
in the LM214H SADS presented in Fig. 5 B compared to
the amplitude in the data for the R-26 RC. This 1715 cm1
feature was almost absent in the SADS for the LM214H
RC derived from 805 nm excitation data (Fig. 4, green).
SADS of the short-lived radical pair PþBL

Fig. 6 compares an average of four SADS for the PþBL

state derived from the four data sets for the LM214H RC
recorded in this work (solid line) with an average of six
SADS for this state derived from six data sets recorded previ-
ously for the R-26 RC (dashed line) (1). The latter utilized
data recorded for QA-removed R-26 RCs with excitation at
600, 805 (2 sets), and 860 nm and QA-containing R-26
RCs excited at 600 and 860 nm (see (1) for details).Biophysical Journal 96(12) 4956–4965
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formation of PþBL
 and its even more rapid rate of decay
indicates that this state does not accumulate at a high level
in the WT RC during charge separation. As a result the
degree of uncertainty in the SADS of the PþBL
 state is
much greater than that for the SADS of the P*, PþHL
, or
PþQA
 state, each of which builds up to near 100% during
the experiment. In the presented case, the level of uncertainty
in the PþBL
– SADS for the LM214H RC shown in Fig. 6 was
somewhat less than that for R-26 RCs, due to the ~4-fold
slower electron transfer from BL
 to bL, plus the ~2-fold
slower initial charge separation in the LM214H mutant.
Bearing these points in mind, there was a reasonable corre-
spondence between the SADS for the two types of RC
(Fig. 6). The pattern of negative and positive bands typical
FIGURE 5 Comparison of the P* (A) and PþQA
 (B) SADS upon excita-
tion with 860 nm. Each plot presents a comparison of two SADS: for
LM214H RCs (solid line) and for R-26 RCs (dashed line).Biophysical Journal 96(12) 4956–4965for PL/PM and PL
þ/PM
þ, respectively, was reproduced
reasonably well, particularly in terms of the transitions of
the 9-keto C¼O modes of P at 1687() cm1, PLþ at
1715(þ) cm1, and PMþ at 1704(þ) cm1, and the 10a-ester
C¼O of PL/PM, PLþ/PMþ at 1740()/1749(þ) cm1, and
2a-acetyl modes of PL/PL
þ at 1626()/1636(þ) cm1.
The broad negative feature between 1690 and 1660 cm1
represents the ground-state modes of the 9-keto C¼O groups
of PLPM and BL. In previous work on the R-26 RC (1), and
a mutant YM210W complex (2), we assigned the main nega-
tive band between 1670 and 1680 cm1 to the 9-keto C¼O
of BL, and the shoulder at ~1687–1688 cm
1 to the 9-keto
C¼O groups of PL and PM and these bands are evident in
the averaged SADS of PþBL
 in the R-26 RC shown in
Fig. 6 (dashed line). In the averaged SADS of the
LM214H RC, the main negative band was at 1672 cm1
with a shoulder in the region of 1683 cm1, and the simplest
interpretation of this is that the ground-state mode of both BL
and PLPM had both undergone a downshift of several cm
1.
The relative amplitude of the PL
þ and PM
þ bands observed at
1715 and 1700 cm1 in LM214H SADS was similar to that
seen for R-26 RCs, with the 1715 cm1 band making the
major contribution.
SADS of the radical pair PþbL
 that is unique to the
LM214H RC
Fig. 7 compares the SADS of the state PþbL
 that is formed
in LM214H RCs (blue) with the SADS of the preceding
PþBL
 state (green) and the SADS of the equivalent PþHL

state formed in the R-26 RC (cyan), all derived from data
with 805 nm excitation (Fig. 7 A). It is clear that in each
case the line shape of the PþbL
 SADS is significantly
different from that of either PþBL
 or PþHL
, most notably
FIGURE 6 Comparison of averaged SADS for the PþBL
 state in R-26
and LM214H RCs. The average of the four SADS obtained for the PþBL

state in LM214H RCs (solid line) is compared with the average of six SADS
obtained for the PþBL
 state in R-26 RCs (dashed line).
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 and PþbL
 SADS resulting from
target analysis of the LM214H RCs (green and blue, respectively) and
(PþHL
)1 SADS from target analysis of R-26 QA-depleted RCs (cyan):
plot A— upon excitation with 805 nm; plot B—average of four PþBL

and PþbL
 SADS compared with (PþHL
)1 SADS upon 805 nm excitation.in the region between 1675 cm1 and 1630 cm1. This
finding is in agreement with the substitution of the HL
BPhe by BChl in the LM214H RC, and it indicates that
the spectral differences between the PþBL
 or PþHL

SADS in the R-26 RC are partly due to the difference in
cofactor at the two positions and partly by differences in
the environment of the two cofactors.
Because the LM214H mutant lacks a BPhe at the HL posi-
tion, the negative band at 1675 cm1 assigned to the 9-keto
mode of HL (Fig. 7, cyan spectra) was not observed in the
PþbL
 SADS (Fig. 7, blue spectra). This negative band,
which overlaps with the P ground-state band at 1687 cm1
in the cyan spectra in Fig. 7, has been assigned to the
9-keto C¼O of HL hydrogen bonded to Glu L104 (8). On
charge separation this band undergoes a strong downshift to
1591 cm1 (38). Notably, the negative band at ~1670 cm1
in the SADS of the PþBL
 state (Fig. 7, green spectra) attrib-
uted to the ground-state keto C¼O of BL (see above), was
also absent from the PþbL
 SADS (Fig. 7, blue spectra).
Instead, the PþbL
 SADS contained a single, particularly
intense, negative band at ~1685 cm1, which could be
a superposition of the ground-state modes of PL/PM and
bL. A difference in frequency of 13 cm
1 between the
ground-state 9-keto C¼O modes of the BChls at the BL
and bL positions would be consistent with what is known
about the environments of these groups. The keto C¼O of
BL is proposed to engage in a moderate-strength hydrogen
bond interaction with a water molecule located ~2.9 A˚
from the keto oxygen, whereas the keto C¼O of the HL,
and by extension the bL in the LM214H RC, is free from
hydrogen bond interactions and therefore might be expected
to have a higher frequency C¼O stretching mode.
The SADS of PþHL
 in the R-26 RC (Fig. 7, cyan
spectra) also contain bands at 1665(þ)/1656() cm1,
which have been ascribed to the response of an amide
I C¼O to HL reduction (28,38–41). This feature did appear
to be present in the SADS of the PþbL
 state (Fig. 7, blue
spectra) but was slightly shifted to 1664(þ)/1652()
cm1. However, it has also been proposed that this
ground-state mode at 1656 cm1 is attributable to conforma-
tional changes in the protein backbone in response to electron
transfer to HL (31) and/or further relaxation of HL
 (37), the
mode shifting to 1643 cm1. Examination of the SADS of
PþbL
 state (Fig. 7, blue spectra) shows the presence of
a positive band at ~1640 cm1, and therefore the new data
on the LM214H mutant does not allow us to distinguish
between these assignments. However, the fact that the
1665(þ)/1656()/1643(þ) features were retained despite
the replacement of BPhe by BChl in the LM214H mutant
does allow us to conclude that they are a response to reduc-
tion of the bacteriochlorin at this particular binding site, irre-
spective of whether it is BPhe or BChl, rather than arising
directly from the HL BPhe itself.
In Fourier transform infrared spectroscopy experiments,
where the state PþQA
 was studied on a slow (ms) timescale,Biophysical Journal 96(12) 4956–4965
4964 Pawlowicz et al.two bands corresponding to the 9-keto mode of P in the
ground state were found, at 1692 cm1 for PL and 1683 cm
1
for PM (29–31). Our experiments show that the observed
signal is largely because of the 9-keto C¼O of PM, explain-
ing the upshift of the bleaching. As can be seen in the PþBL

(Fig. 7, green spectrum) and PþbL
 (Fig. 7, blue spectrum)
SADS, the evolution of the relative ratio of the PL
þ/PM
þ
bands was now inverted with respect to the PþHL
 SADS
of R-26 RCs (Fig. 7, cyan spectrum). The PM
þ signal at
1705 cm1 increases in time in the PþBL
 and PþbL

SADS. These changes in the exact positions of the PLPM
signals, and the charge distribution within P with the final
electron hole localization on the PL half of the dimer, must
be the result of the different environment of the P upon the
BPheo a replacement.
CONCLUSIONS AND OUTLOOK
Using the fs mid-IR technique, the processes of electron
transfer and protein dynamics after excitation in the
visible/near-IR region were studied in an Rb. sphaeroides
RC in which the HL BPhe was replaced by a BChl. The
experimental results were analyzed using a kinetic model
based on charge separation dynamics derived from analysis
of visible region pump/probe data, and a good agreement
was found with time constants obtained from mid-IR probe
data. The mid-IR absorption spectrum of PþBL
 extracted
from a target analysis of data on the LM214H mutant agreed
well with equivalent spectrum for the R-26 RC obtained in
a previous report (1). The PþI intermediate state observed
in previous experiments (4,9–11) was resolved into two
distinct spectral states, PþBL
 and PþbL
, and features
attributable to transitions specific to BL, bL, and HL present
in the fs mid-IR difference spectra were identified, and an
influence of the environment of the BL on its vibrational tran-
sitions was observed. To further clarify the origin of IR
signals that do not arise directly from the electron transfer
cofactors and therefore must arise from the protein-solvent
environment, a further study of RCs with mutations that
change the structure of the protein-cofactor system in the
immediate vicinity of the primary reactants is required.
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